Learning new tasks has been associated with increased growth and stabilization of new dendritic spines. We examined whether long-term potentiation (LTP), a key cellular mechanism thought to underlie learning, plays a role in selective stabilization of individual new spines during circuit plasticity. Using two-photon glutamate uncaging, we stimulated nascent spines on dendrites of rat hippocampal CA1 neurons with patterns that induce LTP and then monitored spine survival rates using time-lapse imaging. Remarkably, we found that LTP-inducing stimuli increased the long-term survivorship (Ͼ14 h) of individual new spines. Activity-induced new spine stabilization required NMDA receptor activation and was specific for stimuli that induced LTP. Moreover, abrogating CaMKII binding to the NMDA receptor abolished activity-induced new spine stabilization. Our findings demonstrate for the first time that, in addition to enhancing the efficacy of preexisting synapses, LTP-inducing stimuli promote the transition of nascent spines from a short-lived, transient state to a longer-lived, persistent state.
Introduction
Animals regularly adapt their behavior in response to sensory experience. The growth and retraction of dendritic spines and the formation and elimination of spine synapses are thought to be key substrates for the neural circuit plasticity underlying these experience-dependent processes (Holtmaat and Svoboda, 2009; Kasai et al., 2010; Bourne and Harris, 2012; Caroni et al., 2012) . Indeed, manipulations that induce experience-dependent circuit plasticity in vivo also increase the rate of new spine growth and stabilization (Trachtenberg et al., 2002; Holtmaat et al., 2006; Hofer et al., 2009) , and new spine stabilization is increased during learning (Xu et al., 2009; Yang et al., 2009; Roberts et al., 2010) . In addition, new spines are rapidly functional Kwon and Sabatini, 2011) , and stabilized new spines are incorporated into anatomically mature synapses (Knott et al., 2006; ). Critically, not all new spines stabilize, suggesting that specific cues act to stabilize a subset of new spines as circuits are modified during learning.
Considerable evidence supports long-term potentiation (LTP) as a key cellular mechanism that underlies learning and memory (Sigurdsson et al., 2007; Feldman, 2009) . The expression of early-phase LTP in hippocampal CA1 pyramidal neurons is proposed to depend on the activation or rapid insertion of postsynaptic ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) into existing synapses (Malinow and Malenka, 2002; Malenka, 2003) . The mechanisms underlying expression of late-phase LTP are thought to involve protein synthesis and structural changes (Bailey et al., 1994; Yuste and Bonhoeffer, 2001) , including synaptogenesis (Bourne and Harris, 2011 ). Yet, while time-lapse imaging studies of fluorescently labeled living neurons have demonstrated that LTP-inducing stimuli promote both the outgrowth of new spines (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999; De Roo et al., 2008b; Kwon and Sabatini, 2011) and increases in spine size (Matsuzaki et al., 2004) , a direct link between LTP and the longterm stabilization of individual newly formed spine synapses thought to be critical for learning has not been demonstrated.
In this study, we use two-photon glutamate uncaging at individual nascent spines to demonstrate that LTP-inducing stimuli increase the long-term stability of newly formed dendritic spines. We show that enhanced new spine stability is not simply the result of any type of glutamatergic stimulation, but that only a stimulus strong enough to induce LTP will enhance the stability of stimulated new spines. In addition, we show that activityinduced spine stabilization requires N-methyl-D-aspartate receptor (NMDAR) activation and interaction between the NMDA receptor GluN2B subunit and CaMKII. Our results directly link LTP to the long-term stabilization of individual nascent dendritic spines in the hippocampus, and thus suggest that LTP could serve to promote the structural changes supporting the stable alteration of neural circuits during experience-dependent plasticity in the cerebral cortex in vivo.
Materials and Methods
Preparation and transfection of organotypic slice cultures. Organotypic hippocampal slice cultures were prepared from postnatal day (P) 6 or 7 Sprague Dawley rats or C57BL/6J wild-type or GluN2B L1298A/R1300Q knock-in (KI) mice (Halt et al., 2012) of both sexes as described (Stoppini et al., 1991) in accordance with animal care and use guidelines of the University of California (Davis, CA). Pyramidal neurons were transfected using particle-mediated gene transfer (170 psi) of EGFP (Clontech) as described (Woods and Zito, 2008) , except that 20 g of DNA were coated onto 7 mg of gold particles.
Time-lapse two-photon imaging. Image stacks (512 ϫ 512 pixels, 1 m z-steps) of 2-6 secondary and tertiary apical and basal dendritic segments from CA1 pyramidal neurons were acquired on a custom two-photon laser scanning microscope with a pulsed Ti::Sapphire laser (930nm, 0.5-1.5 mW at the sample; Spectra-Physics, Newport). Data acquisition was controlled by ScanImage (Pologruto et al., 2003) written in Matlab (MathWorks). The first time point was acquired in slice culture medium at room temperature (RT), after which the slice was returned to the incubator (35°C). After 1 h, the slice was placed in recirculating, oxygenated artificial cerebrospinal fluid (ACSF) (in mM: 127 NaCl, 25 NaHCO 3 , 1.2 NaH 2 PO 4 , 2.5 KCl, 25 D-glucose, ϳ310 mOsm, pH 7.2) with 2 mM Ca 2ϩ , 0 mM Mg 2ϩ , and 1 M tetrodotoxin at 33°C. Following new spine identification, 4-methoxy-7-nitroindolinylcaged L-glutamate (MNI-glutamate) (2.5 -3.5 mM), 10 mM D-serine, and, when indicated, 10 M 3-(( R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) were added to the bath and allowed to permeate the slice for 5 min before stimulating the new spine. Immediately after stimulation, standard ACSF (2 mM Ca 2ϩ , 1 mM Mg 2ϩ ) was washed in. For long-term time-lapse experiments, the slice was returned to slice culture medium with 100 U/ml penicillin and 0.1 mg/ml streptomycin and then placed in the incubator overnight. The following day, the final time point was imaged in standard ACSF at RT.
Image analysis and quantification. Only new spines that grew during the initial 1 h time-lapse period were analyzed. If there was uncertainty concerning the status of a spine because of undulations in the dendrite, swellings in the z-axis, or spine movement, the spine was excluded. Spine volume was estimated as the integrated pixel intensity from an ROI positioned around the spine with local background subtracted and normalized to the mean pixel intensity from a local dendrite, as described (Woods et al., 2011) . All images shown are maximum projections of 3D image stacks after applying a median filter (3 ϫ 3) to the raw image data.
Calibration of the uncaging stimulus. CA1 pyramidal neurons were patched (tip resistances, 4 -8 M⍀) in whole-cell configuration (V hold ϭ Ϫ65 mV; series resistances, 14 -45 M⍀) using Cs-based internal solution (in mM: 120 Cs-methanesulfonate, 10 Na 2 phosphocreatine, 3 sodium L-ascorbate, 4 NaCl, 10 HEPES, 4 Mg ATP, 0.3 Na GTP, 0.6 EGTA, 20 CsCl, 0.2 Alexa Fluor 488, 290 -300 mOsm, pH 7.2.) in standard ACSF (2 mM Ca 2ϩ , 1 mM Mg 2ϩ ). Uncaging EPSCs (uEPSCs) were recorded from five spines per cell within 50 m of the soma on secondary and tertiary apical and basal dendrites. Data acquisition was managed with open source Ephus software (http://openwiki.janelia.org/wiki/display/ephus/; (Suter et al., 2010) . uEPSC amplitudes from individual spines were quantified as the average (5-7 test pulses at 0.1 Hz) from a 2 ms window centered on the maximum current amplitude within 50 ms following pulse delivery. Uncaging pulse power was adjusted for each individual batch of MNI-glutamate to elicit responses with an average amplitude of ϳ10 pA at the soma.
LTP-inducing stimulus. The LTP-inducing uncaging stimulus consisted of 30 pulses (720 -725 nm, 8 -12 mW at the sample) of 1 ms duration delivered at 0.5 Hz in the presence of 2.5-3.5 mM MNIglutamate by parking the beam at a point ϳ0.5 m from the spine head away from the dendrite. Our stimulation protocol was based upon established protocols used by other groups to induce LTP at single spines (Matsuzaki et al., 2004; Govindarajan et al., 2006; Harvey and Svoboda, 2007) . The mock stimulus was identical in parameters to the LTP stimulus, except that it was carried out in the absence of MNI-glutamate.
Electrophysiological LTP. EGFP-expressing CA1 pyramidal neurons were patched in whole-cell configuration as described (see above paragraph, Calibration of the uncaging stimulus), except with a different internal solution (in mM: 135 Cs-methanesulfonate, 10 Na 2 phosphocreatine, 3 sodium L-ascorbate, 4 NaCl, 10 HEPES, 4 MgCl, 4 Na 2 ATP, 0.4 Na GTP, 300 mOsm, pH 7.2). For each cell, baseline uEPSCs were recorded from two spines (2-10 m apart; 50 -250 m from the soma on secondary apical branches). The cell was then depolarized to 0 mV and the uncaging LTP stimulus was applied to one spine within 5 min of break-in. Following the uncaging stimulus, uEPSCs were recorded from both spines at 5 min intervals for 20 min. LTP was measured as a significant increase (Ͼ25% above baseline) in the average uEPSC amplitude that persisted at least 20 min after the LTP stimulus.
Statistical analysis. To compare survivorship curves, the log-rank test was used. This test exhibits increased sensitivity (as compared with the rank-sum test) when a significant fraction of total observations within the dataset are right censored. To compare survivorship at individual time points, Barnard's exact test was used when the frequency of observations within any one cell was Ͻ5 and Pearson's 2 test was used when the frequency of observations within all cells was Ͼ5. For all parametric variables, analysis was performed using a two-tailed unpaired heteroscedastic Student's t test unless otherwise noted. Error bars represent standard error of the mean (SEM).
Results

Survivorship of new spines increases in response to LTP-inducing stimuli
To directly test whether LTP-inducing stimuli increase the stability of newly formed spines, we used focal photolysis of caged glutamate to stimulate individual new spines in defined patterns, and we monitored the consequences on new spine stabilization rate. Our experimental design ( To identify new spines, we used time-lapse two-photon microscopy to repeatedly image dendrites of GFP-transfected hippocampal pyramidal neurons (Fig. 1D ). On each cell, one new spine was stimulated with glutamate uncaging, while other new spines on the same cell served as unstimulated controls. Following the uncaging stimulation, the survivorship of all new spines was monitored using timelapse imaging.
We found that LTP-inducing stimuli significantly increased new spine survivorship over the baseline survivorship rate of unstimulated new spines on the same cells ( p Ͻ 0.05; Fig. 1E ). Indeed, only 65% of unstimulated new spines were still present 70 min after initial outgrowth, whereas 95% of new spines exposed to LTP stimulation survived ( p Ͻ 0.01; Fig. 1F ). As a control, we examined the stabilization rate of new spines that were exposed to a mock LTP stimulus (the same laser protocol and experimental conditions in the absence of MNI-glutamate). In contrast with LTP-stimulated new spines, mock-stimulated new spines did not exhibit increased survivorship (Fig. 1E, F ) , demonstrating that the stabilizing effect of the LTP stimulus was due to the released glutamate and not to photo damage from the laser pulse used for uncaging. Thus, we conclude that the LTP stimulus increased the stabilization rate of new spines.
To ensure that the increased survivorship rate of stimulated new spines did not result from a selection bias in the population of new spines chosen for LTP stimulation, we compared the populations of new spines in our studies across several parameters, including initial spine volume, spine depth in the slice, distance from the soma, soma depth in slice, and location on basal or apical dendrites. Before the LTP stimulus, new spines targeted for LTP stimulation did not differ from those targeted for mock stimulation or from unstimulated new spines across any of these parameters ( p Ͼ 0.26 for all comparisons; data not shown). In contrast, after the LTP stimulus we found that stimulated new spines were significantly enlarged (160 Ϯ 17%) compared with unstimulated neighboring spines (109 Ϯ 5%; p Ͻ 0.01) or with mock-stimulated new spines (95 Ϯ 12%; p Ͻ 0.05; Fig. 2 A, B) , consistent with previous results demonstrating that LTP at indi-vidual mature dendritic spines is associated with spine volume increases (Matsuzaki et al., 2004) . We conclude that although our spine populations were initially indistinguishable, the LTP stimulus induced an enlargement of stimulated new spines.
Uncaging-induced new spine stabilization is specific to LTP-inducing stimuli
We examined whether new spine stabilization is downstream of any glutamatergic activation or whether it is induced specifically by stimuli that induce LTP. First, we reduced the strength of our uncaging stimulus (Fig. 3A) below the threshold required both for LTP (Fig. 3B ) and enlargement ( Fig. 3C ) at single spines and tested whether this weaker stimulus would continue to support uncaginginduced new spine stabilization. Notably, we found that the weaker stimulus, which did not induce LTP, also failed to enhance new spine survivorship (Fig. 3 D, E) . Second, we removed the "pairing" component of our uncaging LTP protocols by eliminating the postsynaptic depolarization in our electrophysiological LTP protocol ( Fig. 3F-H ) and by performing our imaging only uncaging LTP protocol in the presence of physiological levels of extracellular Mg 2ϩ (1 mM; Fig. 3I , J ). In the absence of simultaneous postsynaptic depolarization, our uncaging LTP stimulus no longer induced potentiation of uEPSC amplitude (Fig. 3G ) or increased spine size (Fig. 3H ) . Similarly, the presence of physiological levels of extracellular Mg 2ϩ prevented uncaging-induced stabilization of new spines (Fig. 3I, J ) . These data strongly support that coincident glutamate binding and relief of the Mg 2ϩ blockade of NMDARs is necessary not only for LTP, but also for the uncaginginduced increase in new spine survivorship. Thus, we conclude that uncaginginduced new spine stabilization is specific to the LTP-inducing stimuli.
LTP-induced new spine stabilization is long-lasting
Because we observed a significant volume increase in stimulated new spines (Fig. 2) , we wondered whether the LTP stimulus might only increase new spine survivorship over a short time scale due to a transient increase in volume, while leaving long-term survivorship unaffected. To address this question, we repeated our experiment with an additional time-point at Ͼ14 h after new spine outgrowth (Fig.  4 A, B) , a time that lies well outside the Figure1. SurvivorshipofnewspinesincreasesinresponsetoLTP-inducingstimuli.A,Theexperimentaldesign:time-lapseimaging(t1 and t2) to identify new spines was followed by stimulation of an individual new spine using two-photon glutamate uncaging (stim) and then time-lapse imaging (t3-t7) to monitor spine stability. For display purposes, three new spines are shown here on the same dendritic segment(twounstimulatedandonestimulated);however,inourdatamultiplenewspinesrarelyappearedincloseproximityonthesame dendriticsegment.B,TheLTP-inducingstimulus(30pulsesat0.5Hzpairedwithpostsynapticdepolarizationto0mV)increasedtheuEPSC amplitude of stimulated spines (red) but not of neighboring spines (black; p Ͻ 0.05 at all poststimulus time points; 12 cells). window over which any transient influence would be expected. Remarkably, even at this long-term time point (range: 14 -31 h; average: 20 h) new spine survivorship was 85% higher for stimulated new spines than for unstimulated new spines on the same cells ( p Ͻ 0.05; Fig. 4C ). We conclude that an LTP stimulus is capable of increasing the long-term stability of new spines.
Larger new spines show enhanced survivorship rates
Because stimulated new spines enlarge and are also more stable, we examined whether new spine size and stabilization rate were correlated. Indeed, when we classified unstimulated new spines as "large," "medium," or "small" based on their relative size at the time of initial identification, both large-and medium-sized new spines were more stable than small new spines (Fig. 5A) . In addition, when we divided new spines into two groups based on survivorship at 70 min ("persistent" if present and "transient" if lost), we found that spine size at the time of initial observation differed significantly between new spines that persisted and those that retracted (Fig. 5B) . In contrast, no significant differences were found between the two groups for the other parameters that we examined, including distance from soma and depth in slice (Fig. 5B) . We conclude that new spine size is a strong predictor of new spine survivorship.
The observation that larger new spines are more stable than smaller new spines led us to examine whether the uncaging LTP stimulus was preferentially enhancing the stabilization rate of smaller new spines by transitioning them from a smaller, more transient bracket into a larger, more stable bracket. We therefore assessed the effect of the LTP stimulus on new spines of different volumes. We classified all LTP-stimulated new spines as either large, medium, or small based on their relative initial size and then compared the survivorship of stimulated and unstimulated new spines. For medium ( p ϭ 0.084) and large ( p ϭ 0.075) new spines, the LTP stimulus modestly but not significantly enhanced new spine survivorship. As predicted, the LTP stimulus had the largest and most significant ( p Ͻ 0.05) effect on the survivorship of spines from the smallest size class (Fig. 5C) , consistent with the idea that a size increase would benefit the smallest spines the most by bumping them into a larger, more stable class. In fact, the majority of stimulated new spines that stabilized became enlarged by Ͼ25% in response to the uncaging stimulus (25/40), and those stimulated new spines that did not stabilize shrank in the time point following stimulation (2/2; Fig. 5D ). We conclude that LTP-induced spine size increases likely play an important role in enhancing new spine survivorship.
NMDAR activation and interaction of NMDARs with CaMKII are required for LTP-induced new spine stabilization
Which glutamatergic signaling pathways play a role in LTP-induced new spine stabilization? Because NMDAR activation contributes to LTP induction in CA1 pyramidal neurons (Grover and Teyler, 1990; Feldman, 2009) , we tested whether uncaging-induced new spine stabilization also depends on NMDAR activation. In these experiments, CPP, a selective antagonist of NMDARs, was added immediately before and washed out promptly following delivery of the uncaging stimulus. New spines that were exposed to the LTP stimulus in the presence of CPP did not exhibit increased survivorship relative to unstimulated control spines on the same cells (p ϭ 0.4; Fig. 6A,B) , demonstrating that NMDAR activation is necessary for uncaging-induced new spine stabilization.
Downstream of NMDARs, CaMKII binding to the NMDAR subunit, GluN2B, has been shown to be important for induction and maintenance of LTP (Lisman et al., 2002; Barria and Malinow, 2005; Zhou et al., 2007; Sanhueza et al., 2011) and activitydependent new spine outgrowth (Hamilton et al., 2012); interruption of this interaction causes decreased spine density (Gambrill and Barria, 2011). Moreover, CaMKII activation is important for new spine stabilization during experiencedependent plasticity (Wilbrecht et al., 2010) . We therefore examined whether CaMKII interaction with GluN2B is also important for uncaging-induced spine stabilization using GluN2B-L1298A/ R1300Q knock-in (GluN2B KI) mice (Halt et al., 2012) . Each of the L1298A and R1300Q mutations reduce GluN2B interaction with CaMKII by over 85% in vitro (Strack et al., 2000) , and together they completely block the activity-dependent increase in GluN2B-CaMKII interaction in vivo (Halt et al., 2012) . In hippocampal slices from GluN2B KI mice, new spines exposed to the LTP stimulus did not exhibit increased survivorship over unstimulated new spines on the same cells ( p ϭ 0.42; Fig. 6C,D) ; in contrast, new spines in slices from WT mice exhibited a significant increase in survivorship in response to the LTP stimulus ( p Ͻ 0.05; Fig. 6C,D) . Thus, interaction between the GluN2B subunit of the NMDAR and CaMKII is necessary for LTPinduced stabilization of new dendritic spines.
Discussion
LTP and new spine stabilization
Although both LTP (Sigurdsson et al., 2007; Feldman, 2009) and new spine stabilization (Xu et al., 2009; Yang et al., 2009; Roberts et al., 2010) have been independently associated with learning, our data are the first to demonstrate a direct link between LTPinducing stimuli and the long-term stabilization of individual nascent dendritic spines thought to underlie learning and memory. Here, we show that the long-term survivorship of individual new spines is significantly enhanced following LTP-inducing stimulation. Because LTP stabilizes nascent dendritic spines, it might be expected that LTP would be accompanied by an in- Uncaging-induced new spine stabilization is specific to LTP-inducing stimuli. A, uEPSCs evoked by the weak stimulus (blue; 2.5 mM MNI-glutamate; 5.1 Ϯ 0.9 pA; 15 spines, 3 cells) were smaller thanthoseevokedbythestrong(LTP)stimulus(red;3.5mMMNI-glutamate;9.9Ϯ1.2pA;20spines,4cells;pϽ0.01).InsetshowsaverageuEPSCtracefromeachcondition.B,Theweakstimulusdidnotinduce LTP (blue; 13 spines, 13 cells), in contrast to the strong (LTP) stimulus, which did induce LTP (red; data fromFig. 1B). Inset shows representative traces (mean of 5-7 trials) from individual spines during baseline (gray)and20minafteruncagingstimulationforthestrong(red)andweak(blue)stimuli.C,Nosignificantspineenlargementwasobservedatthefirsttimepoint(ϳ5min)aftertheweakstimulus(blue;8spines; p Ͼ 0.37), whereas the strong stimulus caused spine enlargement (red; 12 spines; p Ͻ 0.05, t test). D, New spines (solid yellow arrowheads at 0 min) on cells exposed to strong (LTP stim) crease in spine density. However, several studies have found no long-term increase in spine density associated with LTP (for review, Yuste and Bonhoeffer, 2001; Bosch and Hayashi, 2012) . Indeed, recent studies from the mature hippocampus (Bourne and Harris, 2011; Wosiski-Kuhn and Stranahan, 2012) show only a transient increase in spine density after LTP induction. It is likely that homeostatic mechanisms leading to the compensatory elimination of less active dendritic spines (De Roo et al., 2008b; Bourne and Harris, 2011) act to hold spine density relatively constant and could be responsible for the absence of long-term changes in spine density associated with LTP.
How does the LTP stimulus drive increased long-term survivorship of new dendritic spines? New spine survivorship is not well fit by a single exponential; instead, there is an initial rapid decline in survivorship, followed by a much slower multicomponent decay (Trachtenberg et al., 2002) . One possibility is that the LTP stimulus is responsible for transitioning the new spine from an initial transient state characterized by the rapid survivorship decay into a longer-lived state. We therefore wondered how the long-term stability of our stimulated new spines would compare with that of unstimulated new spines that were present for at least1 h, and therefore likely past the initial phase of rapid decline. We found that the long-term survivorship of stimulated new spines (50%) was not significantly different from that of unstimulated new spines that had also survived for at least 1 h (42%; p ϭ 0.4). Thus, our results support a model in which LTPinducing stimuli promote the transition of a new spine from a shorter-lived, transient state to a longer-lived, persistent state.
We found that the LTP stimulus caused a significant volume increase at new spines, consistent with previous results at mature spines (Fifková and Van Harreveld, 1977; Lang et al., 2004; Matsuzaki et al., 2004; Okamoto et al., 2004) . We also found that new spine size was correlated with stabilization rate; larger new spines stabilized at a higher rate. Because of this relationship, we predicted that the LTP stimulus might preferentially act to stabilize the smallest new spines by bumping them from a smaller, more transient state to a larger, more stable state. Indeed, our results confirmed this prediction (Fig. 5) ; however, it is important to note that "large" new spines are still considerably smaller than an average mature spine. How might an increase in spine volume lead to an increase in stabilization rate? One possibility is that increased volume is associated with the insertion of AMPARs or postsynaptic density (PSD) proteins, which have demonstrated roles in stabilizing the structural changes accompanying LTP in mature spines (Park et al., 2006; Kopec et al., 2007) , or whose arrival has been associated with stabilization of new spines (De Roo et al., 2008a ). An alternative possibility is that an increase in spine volume could further survival long enough to solidify adhesive and/or signaling interactions with the presynaptic terminal.
Cellular mechanisms of new spine stabilization
Our data suggest that LTP-inducing presynaptic activity plays an important role in the stabilization of dendritic spines. We show that new spines are capable of discriminating different patterns of glutamatergic input and therefore of identifying appropriate presynaptic partners based upon the specific pattern of presynaptic activity. However, we cannot exclude the possibility that presynaptic partners also play an activity-independent role in spine stabilization. Indeed, N-cadherin has been shown to be important for the persistence of both LTP and spine enlargement in mature spines (Okamura et al., 2004; Bozdagi et al., 2010; Mendez et al., 2010) . Furthermore, axons within CA1 occupy roughly one-third of the tissue volume , and a large number of unconnected axons pass sufficiently close to the dendritic shaft to interact with dendritic spines (Mishchenko et al., 2010) . It is therefore reasonable to assume that the majority of imaged new spines in our experiments could have been engaged in adhesive interactions with nearby unlabeled axons. Adhesive interactions at the early stages of new spine development may simply be required to bring the presynaptic bouton and dendritic spine close enough to allow for synaptic communication and LTP. Alternatively, long-term stabilization in response to LTP-inducing stimuli might require adhesive interactions between the axon and dendrite. Future work combining systematic knockdown of synaptic adhesion molecules with uncaging LTP stimulation will be important for answering these questions.
We found that uncaging-induced new spine stabilization is input specific in that stimulation of an individual new spine was sufficient for stabilization of that spine. Indeed, our uncaging stimulation protocols were carried out in the presence of TTX to silence spontaneous activity, and there was no need for stimulation of multiple synapses to enhance stabilization of new spines. However, it is possible, and perhaps likely, that new spine stabilization will be influenced by activity at neighboring synapses. In fact, it has been shown that new spines preferentially grow near active synapses (De Roo et al., 2008b) and that LTP at one spine on a dendrite reduces the threshold for induction of LTP at neighboring spines (Harvey and Svoboda, 2007) . Cross-talk between neighboring spines could also be at play during the stabilization of nascent spine synapses and would favor the clustering of correlated inputs within the dendritic arbor (DeBello, 2008; Govindarajan et al., 2011) . Recent in vivo imaging experiments support such a clustering mechanism for stabilization of new spines during learning of repetitive tasks (Fu et al., 2012) .
Molecular mechanisms of new spine stabilization
Our work demonstrates for the first time that glutamatergic stimulation alone is sufficient to enhance the stabilization rate of nascent spines. Which downstream signaling pathways are important for LTP-induced new spine stabilization? We have established a requirement for NMDAR activation and the interaction between GluN2B subunit and CaMKII. At preexisting synapses, activity induces the translocation of CaMKII to dendritic spines (Shen and Meyer, 1999; Otmakhov et al., 2004) , where it interacts with the GluN2B subunit (Strack and Colbran, 1998; Leonard et al., 1999) . Our data suggest that this interaction may serve as an important step in mediating the activity-dependent stabilization of nascent spines. Once in the spine, CaMKII plays diverse roles that include regulation of the PSD composition (Steiner et al., 2008) Bingol et al., 2010) , and the actin cytoskeleton (Okamoto et al., 2007) . In addition, CaMKII itself can act as a structural element (Pi et al., 2010) . In mature spines, LTP in hippocampal CA1 promotes translocation of polyribosomes into spines (Ostroff et al., 2002; Bourne et al., 2007) and increases the size of the PSD (Bourne and Harris, 2011), and in new spines similar processes could promote stabilization. Indeed, LTP could serve to drive spine maturation via the recruitment of specific molecules to nascent spine synapses.
Determining the relative importance of specific signaling pathways (Saneyoshi et al., 2010) will depend on defining precisely how the molecular composition and signaling mechanisms of new spines differ from those of mature spines. The implementation of new high-throughput methods, such as array tomography (Micheva and Smith, 2007) , combined with careful examination of individual nascent synapses using retrospective immunoelectron microscopy and live monitoring of signaling at individual nascent spines in response to LTP (Murakoshi and Yasuda, 2012) will play a key role in defining those precise molecular mechanisms that underlie new spine stabilization during experience-dependent plasticity. 
